Complex three-point junctions of single-walled carbon nanotubes are proposed as building blocks of nanoscale electronic devices. Both T-and Y-junctions, made up of tubes with differing diameters and chiralities, are studied as prototypes. All the proposed complex junctions have been found to be local minima of the total energy on relaxation with a generalized tight-binding molecular dynamics scheme.
I. INTRODUCTION
The possibility of using carbon in place of silicon in the field of electronics has generated considerable enthusiasm recently. This has been made possible by the discovery of carbon nanotubes by Iijima. 1 The carbon nanotubes consist of rolled-up graphene sheet with various chiralities. The electronic structure of these tubes can be either metallic or semi-conducting, depending on both the diameter and chirality, which can be uniquely determined by the chiral vector (n,m), where n and m are integers. [2] [3] [4] [5] [6] [7] Inspired by the unusual electronic properties of carbon nanotubes, several authors have recently investigated the possibility of connecting nanotubes of different diameter and chirality. [8] [9] [10] [11] [12] [13] This is because of the possibility of the junctions thus created being the building blocks of nanoscale electronic devices. The simplest way to connect two dissimilar nanotubes is found to be via the introduction of a pair of heptagon and pentagon in an otherwise perfect hexagonal graphene sheet. 5 The resulting structure still contains threefold coordination for all carbon atoms forming the junction.
In reality nanotubes have finite lengths and, in most cases, tend to be closed with fullerene caps. The closure introduces a small gap in the electronic structures of these tubes. Also, formation of tube junction results in considerable local strain which is relieved by the relaxation of the atoms. The relaxation is also expected to alter the electronic structure and local density of states (LDOS) of the atoms forming the junction and their neighbors. Although several theoretical models have been used in the study of nanotube heterojunctions, most of them tend to ignore the effects of relaxation altogether.
In this work we explore the formations of complex 3-point heterojunctions and investigate the effects of full symmetry unconstrained relaxation on the structural a) e-mail: super250@convex.uky.edu b) e-mail: deepak@nas.nasa.gov and electronic properties of these junctions using the generalized tight-binding molecular dynamic (GTBMD) scheme of Menon and Subbaswamy. 6 The GTBMD scheme makes explicit use of the nonorthogonality of the orbitals in treating interactions in covalent systems and has been found to be very reliable in obtaining good agreement with experimental and local density approximation (LDA) results for the structural and vibrational properties of fullerenes and nanotubes. 6, 14 Additionally, GTBMD has been applied earlier to obtain equilibrium geometries for small carbon clusters, 15 in good agreement with ab initio 16 results for the lowest energy structures of carbon clusters of size up to N 10 (for which ab initio results are available).
In particular, we focus our efforts on the detailed study of T-and Y-junctions because they provide excellent representations for such complex 3-point junctions. Furthermore, the single-walled nanotubes used in creating these junctions have been so chosen as to encompass structures with radically differing electronic properties.
II. THREE-POINT JUNCTIONS

A. T-junctions
Unlike the simple nanotube junctions, the three-point junctions of single-walled carbon nanotubes could be used as building blocks of nanoscale tunnel junctions in a 2D network of nanoelectronic devices. As a prototype of such junctions we study a "T-junction" formed by fusing two nanotubes of different diameter and chirality perpendicular to each other. 17 The T-junctions provide a challenge to the conventional rules applicable to tube bends. This is because unlike the knee joint where one can clearly define the opposite sides of the joint as either the front or the behind, both sides are topologically equivalent. As a result, we can expect a net excess of heptagons over the pentagons at the junction. Furthermore, whereas the bend angles at a two-point tube junction depend on the tube parameters (diameter and chirality) of both the component tubes, no such dependence exists for the T-junction where the angle remains fixed at 90
We explore an alternative route to the formation of T-junctions that is not constrained by the usual heptagon-pentagon defect pair considerations. In particular, we examine two metal-semiconductor-metal Tjunctions, namely the (5,5)-(10,0)- (5, 5) [ Fig. 1(a) ] and (9,0)-(10,0)-(9,0) [ Fig. 1(b) ] junctions. We designate the former by the symbol T1 and the latter by the symbol T2. The structure T1 is composed of 314 atoms while T2 contains 304 atoms. The numbers chosen are sufficiently large enough to avoid the effects of the dangling p bonds at the edges on the junction. The (10,0) tube is semiconducting, and the (9,0) and (5,5) tubes are semimetals. The (5,5), (10, 0) , and (9,0) tubes have armchair, zig-zag, and zig-zag configurations, respectively. In the armchair (zig-zag) configuration the tubes have C -C bonds perpendicular (parallel) to their axis. As seen in Fig. 1 (a), in going across the junction in T1 from the (10,0) side to the (5,5) side, the orientation of the C -C bonds remains unchanged. Crossing the junction in T2, on the other hand, involves a rotation of 90
± for the C -C bonds. Interestingly, T1 contains six heptagons and no pentagons at the junction [ Fig. 1(a) ]. T2 contains eight heptagons and two pentagons at the junction [ Fig. 1(b) ]. The presence of the additional two heptagon-pentagon pairs in T2 is associated with the change in orientation of the C-C bonds in going across the junction.
The geometries shown in Figs. 1(a) and 1(b) are the GTBMD optimized structures for T1 and T2, respectively. The starting configuration of T1 has twofold coordinated atoms at the ends of the armchair portion of the tubule within strong bonding interactions of each other. The GTBMD relaxation results in the closure seen in Fig. 1 (a) on relaxation with threefold coordination for all atoms at the armchair ends. No such closure results at the zig-zag ends, however, as the twofold coordinated atoms are sufficiently far from each other. The light-colored balls in both the figures denote the atoms forming the heptagons at the junction. Table I summarizes the average bond lengths in the pentagons, heptagons, and hexagons at the junctions of T1 and T2. In T1, the average bond length in the heptagons is found to be longer than the one for the hexagons. In T2, however, the average bond length in the heptagons is nearly equivalent to that in the hexagons. Also, as seen in the table, the pentagons in T2 have larger bond length on the average when compared to heptagons or hexagons. Both the pentagons in T2 are almost planar, with the heptagons bearing the brunt of the curvature with slight assistance from hexagons that share edges with the heptagons.
The Fermi levels of both (5,5) and (9,0) nanotubes lie within the gap of the (10,0) semiconducting tube. The 18 Figure 2 shows the LDOS for the relaxed (5,5)-(10,0)-(5,5) structures [T1 at various cross sections indicated in Fig. 1(a) ]. LDOS for the panel labeled stem, for example, is for the cross section containing 20 atoms zigzagging along the circumference of the semiconducting (10,0) portion. As can be seen in Fig. 2 , in going from the semiconducting side into the junction, localized states begin to appear in the gap. A detailed study indicates their origin to be the heptagonal defects present in the next region. These defect state may pin the Fermi level of the system.
It is worth noting that a recent experimental observation shows the presence of a junction with a sharp Fig. 1(a) , showing the increase in the defect-induced localized states in the gap as the junction is approached. The units for DOS are states͞eV͞atom.
90
± bend in a pure single-wall carbon nanotube. 19 This shows that such 90 ± bends are now possible under the regular growth conditions.
B. Y-junctions
The Y-junctions pose a different kind of challenge when 3-point junctions are formed. 20, 21 As found in the case of T-junctions, the pentagon-heptagon defect pair rule is also found to be not applicable in the formation of the Y-junctions. We, therefore, explore the formation of large angle bends through octagon-pentagon defect pairs and apply it to study Y-junctions which provide another route to the formation of 3-point junction of dissimilar tubes.
We show that the Y-junctions can be made with the incorporation of pentagons and octagons with no assistance from heptagons, and that incorporation of octagons in place of heptagons gives greater flexibility in the Y-junction formation involving similar or dissimilar nanotubes. Additionally, we find that the number of octagonal defects equals the number of pentagonal defects in the junction region, regardless of whether or not there is a change in chirality when crossing the junction. In particular, we examine three distinct Y-junctions made up of nanotubes in armchair as well as zig-zag configurations. The three different joints investigated are Y-junction formed by (I) three (8,0) nanotubes, (II) two (9,0) and one (6,6) nanotubes, and (III) two (9,0) and one (8,0) nanotubes.
All the structures were fully optimized without any symmetry constraints using the GTBMD scheme.
The three (8,0) tubes forming the arms of structure (I) are each semiconducting and have zig-zag configurations. The structure is shown in Fig. 3(a) and contains 252 atoms. The carbon atoms forming octagons and pentagons are shown as dark circles. The number of atoms chosen are sufficiently large enough to avoid the effects of the dangling p bonds at the edges on the junction. On relaxation (I) was found to be stable with six octagons and six pentagons and, interestingly, no heptagons. The brunt of the curvature is borne out by octagons and the hexagons at the junction while the pentagons are almost planar. Also, as seen in Fig. 3(a) , all the pentagons are clustered near the center of the junction. The atomic arrangement in (I) is radically different from the case of simple tube bends where both pentagons and heptagons participate in the tube bend.
The two arms of structure (II) [ Fig. 3(b) ] consist of metallic (9,0) tubes that have zig-zag configurations. The third (6, 6) arm is also metallic, but with armchair configuration. This junction also contains six octagons, and six pentagons. This structure contains 258 atoms. Again, the carbon atoms forming octagons and pentagons are shown as dark circles. The octagons are boat shaped as in (I) and bear the brunt of the curvature. Two of the pentagons are located on the (6,6) side and contribute to the curvature while the remaining four pentagons are almost planar. Also, the pentagons are farther out from the center than in (I). This is due to the change in diameter and chirality in going from (9,0) to the (6,6) arm. The GTBMD relaxation results in the closure seen in Fig. 3(b) with threefold coordination for all atoms at the armchair ends. The formation of squares at the armchair ends is plausible considering the fact that the system can lower its energy by forming threefold coordination rather than keeping the dangling bonds. Such four atom rings made up of threefold coordinated carbon atoms at the tube ends have also been observed in molecular dynamics simulations using local density approximation (LDA). 22 All three arms of structure (III) have zig-zag configurations, but the (9,0) arms are metallic, while the (8,0) arm is semiconducting. Thus, this structure forms nanoscale metal-semiconductor-metal tunnel junction. The relaxed structure is shown in Fig. 4 and contains 272 atoms. It also contains six octagons, six pentagons, and no heptagons. As in (I), the brunt of the curvature is borne out by octagons and the hexagons at the junction while the pentagons are almost planar. Also, as in (I), all the pentagons are clustered near the center of the junction since no change in chirality results in crossing the junction. Table II summarizes the average bond lengths in the pentagons, octagons, and hexagons at the junctions of (I), (II), and (III). The average bond length in the octagons is found to be longer than the one for the hexagons, but shorter than those in the pentagons. In all junctions the octagons bear the brunt of the curvature with slight assistance from hexagons that share edges with the octagons. A comparison of cohesive energies for Y-junctions with straight open nanotubes containing the same number of atoms reveal, as expected, the Y-junctions to be energetically less stable. For example, the Y-junction in (I) is 0.1 eV͞atom higher in energy when compared with a straight tube of 252 atoms. It should be noted, however, that most synthesis methods used in the production of nanotubes today are in a regime far from equilibrium. Thus, thermodynamic minimum is not the only controlling factor.
We investigate the local density of states (LDOS) using the same tight-binding p-band approximation as used in the case of T-junctions. Figure 5 shows the LDOS for the relaxed Y-junction (III) at various cross sections indicated in Fig. 4 . LDOS for panel labeled stem, for example, is for the cross section containing 16 atoms zig-zagging along the circumference of the semiconducting (8,0) portion. As can be seen in Fig. 5 , in going from the semiconducting side into the junction, localized states begin to appear in the gap. Detailed study indicates their origin to be the octagonal and pentagonal defects present in the neck region. These defect states may pin the Fermi level of the system.
In light of the present work, serious considerations must be given to the possibility of existence of octagonal defects in complex junctions. The octagonal defects may give greater flexibility for such junction formation involving similar or dissimilar nanotubes. The search for larger angle bends or Y-junction formation in the existing experimental data on single and multiwall nanotubes may point toward the possibility of octagonal defects in the nanotube-based pure carbon structures.
It is interesting to note that a recent experimental observation clearly shows the existence of three carbon nanotubes joined together in a Y configuration in highresolution transmission electron microscopy (HRTEM) images. 23 What is more, saddle surfaces are seen at these junctions just as in Figs. 3(a) and 3(b) . Our work shows that octagonal defects relax into boat shapes, providing saddle shape to the surface at the junction.
Another interesting experimental work concerns the formation of spherical graphitic layered "onions" produced by irradiating carbon-cobalt structures at high temperatures. 19 This results in cobalt encapsulation inside these "onions." However, under continued irradiation the cobalt from the center is found to escape leaving pure carbon "onions" of smaller sizes. Presence of octagonal defects may provide the opening for this escape.
III. SUMMARY
The implications of these findings are intriguing. Both T-junctions and Y-junctions defy the conventional arguments made in favor of an equal number of heptagon-pentagon defect pairs for the stability of dissimilar tube joints. We have shown that T-junction joints can be made without the incorporation of pentagons. Our results also show that Y-junctions can be created with an equal number of pentagons and octagons and, surprisingly, no heptagons. Furthermore, the T-junctions can be used as "universal joints" for forming a 2D network of tubes in which conduction pathways can be controlled. If produced, these junctions could be the prototypes of nanoscale tunnel devices.
